The decision to undertake rejuvenation of an oilfield that is close to extinction depends on the estimates that one makes of the likely enhanced reserves to be recovered by such a treatment relative to the proven reserves that are still producible. One trades certainty of returns, albeit small, for uncertain returns that could be significant relative to the small residual oil being produced. In addition, there is always the chance that undertaking the rejuvenation of the nearly dead field will be unsuccessful and /or kill the current known production. This paper shows how one can assess the best course of action to take dependent on the range of uncertainty for the estimated rejuvenation production and also dependent on the estimates of both a successful rejuvenation treatment and the chances of killing the known production. Sensitivity charts show which parameter is causing the greatest uncertainty in estimates of total worth both with and without the rejuvenation treatment and, therefore, where one should concentrate in order to narrow the range of uncertainty of likely profit. The decision to revive the nearly dead, or let natural death take its course for an almost exhausted production, can then be made with a greater certainty that a rejuvenation attempt will produce more worthwhile gains. Several numerical illustrations are given to illuminate these points.
I. INTRODUCTION
As a producing field nears the end of it nominal lifetime (usually measured by the rapid decline in production rate from the field), it is often the case that one believes that further oil is producible from the well. This belief is often triggered by many factors: an estimate of reservoir volume that should have been drainable by the field but which is considerably larger than the volume of oil produced; an estimate of shale content based on well logging that indicates a "patchy" reservoir in terms of connected permeability and so indicates that a considerable body of oil still remains to be produced from such internally heterogeneous reservoirs; 4D seismic coverage of the reservoir that has monitored changes with time in the seismic properties of the reservoir as oil has been drained and so gives an idea of the total volume drained and, more importantly, the volume still to be drained; reservoir compartmentalization, indicating that direct drainage from the producing wells is not a strong possibility apart from the already tapped compartments.
For these, and a host of other indications, often specific to the reservoir character known for a particular oil field, rejuvenation attempts are often made to improve the total recoverable reserves from a field. It has been estimated that such rejuvenation techniques have added about 54 billion Bbls of oil to the USA base reserve over the last twenty years (AAPG Explorer, 2001) . Strategies for attempting rejuvenation are as many and as varied as each particular situation demands. Some of the more prevalent methods are: water flooding through injection wells; CO 2 injection; acid fracking; sand proppant injection; nitrogen injection; steam flooding; fire flooding with injected oxygen as a catalyst fire starter. Depending on what is believed to be best to release trapped oil one or more of the above methods may be used either individually or in combination.
But not all such attempts at reviving the nearly dead are successful. It can happen, for instance. that attempting to do a water flood treatment can invade a fault acting as a divide between individual compartments and so provide a lower friction regime. The fault may then slide and so close off not only the new possible production but also the residual production that would have occurred in the absence of the attempt to rejuvenate. It can also happen that a seismic signature of, say, gas accumulation is driven by only a thin concentration of gas (less than economical) but which shows a strong AVO signature so that one would regard the seismic as indicating an opportunity for rejuvenation that is, after drilling, found to be useless.
Thus for every success story for enhanced production there is always the counterweight of a failure story. The decision tree diagram of Figure 1 show the schematic outcomes for production with time for different conditions of success, partial failure, or total failure. Here success implies that the rejuvenation treatment does indeed generate greater production, partial failure implies that the rejuvenation fails but leaves the field producing at its old rate, while total failure means that not only does the rejuvenation fail but also that the original production is terminated.
This eighth paper in the series (Lerche and Noeth, 2001 a, b, c, d , e, f) deals with the chances of a successful field rejuvenation and the potential gains and costs associated with such endeavours. Three factors play dominant roles in such estimation of worth. First is the assessment of the probability that a rejuvenation will be successful; second is the assessment of costs of performing the rejuvenation in relation to the anticipated gains from such a rejuvenation; and third is the uncertainty of each such parameter and its influence on the uncertainty of the worth estimated for the rejuvenation. Each of these factors contributes to the decision to go ahead with an attempted rejuvenation, and each must be placed in balance with respect to the other two. The examples given in this paper are designed to show how one can, indeed, assess these factors and so provide a realistic statement of the worth of a rejuvenation effort.
III. THREE ILLUSTRATIVE EXAMPLES FOR REJUVENATION CONSIDERATION
The three examples considered in this section of the paper are designed to illuminate various facets that can influence the decision to go ahead with a rejuvenation treatment.
The first example keeps constant all parameters of the known field production and also those for the rejuvenation case. with the sole exceptions of the probability the rejuvenation will be successful and also the probability the rejuvenation will kill the ongoing production. The idea behind this illustration is to consider high risk and low risk cases so that one can, to some extent, allow for the chances that, say, a fault will slip once a treatment is undertaken with the loss of perhaps the rejuvenation component and also the ongoing production.
The second illustration is chosen to show the effect of having either too little oil in the anticipated rejuvenation components of the field or of having too much in the ongoing production. The idea here is that if too much oil still remains in the proven production components then only a massive probability that the rejuvenation will be successful will allow decision makers to risk losing their predictable "cash cow" in favour of an unknown but likely superior oil compartment. The argument here, as will be shown through specific example, is that it is better to wait until most of the oil is produced before attempting the riskier rejuvenation. Table 1 , with different, but fixed, kill and success probabilities. This case is the first example discussed in the text.
The third illustration combines the first two examples in the sense of including the uncertainty on parameters. There is clearly no knowledge of the successful rejuvenation until the job is undertaken. Thus values for the success probability are uncertain. Equally, the amount of oil expected in an unknown field compartment is also a matter of surmise rather that knowledge prior to undertaking the rejuvenation treatment. In fact, all parameters entering an estimate of the worth of undertaking a rejuvenation treatment are suspect.
Thus one must surely allow for uncertainty in order to do several things: first estimate the chances that, even when uncertainty is allowed for, there is merit in undertaking the rejuvenation, and one must assign a quantitative value to such a merit assessment; second assess which of the parameters and associated uncertainties are causing the greatest uncertainty in assessments of the worth of a rejuvenation treatment, and provide a relative risking of such parameters so one knows where to focus emphasis should one wish to narrow the range of uncertainty on the assessment of the rejuvenation job. In this way one can provide a sharper statement for decisionmakers who grapple with many such problems simultaneously. A vehicle that allows one to bring such problems into a clearer perspective is the use of a Monte Carlo simulation, which is undertaken here using Crystal Ball as an appropriate device.
Consider each case history in turn. 
Table 1. Parameters for the variation with kill and success probabilities

Probabilities of success and kill
Probability rejuvenation is successful = 0.1 (fraction less than unity) Probability rejuvenation kills production = 0.7 (fraction less than unity)
a. Probability Uncertainties
In this case we use the Excel program inputs exhibited in Table 1 to generate a series of figures illustrating the probability that the worth of undertaking the rejuvenation will exceed the worth of just continuing with the known production, based on the chances for a successful outcome to the production rejuvenation and also the chances The various curves show the alterations as the success probability and kill probability are varied. This case is the second example of the text.
of not killing ongoing production. Each of the two probabilities is allowed to take on various values to show how the changes influence the chances that a rejuvenation treatment is to be preferred over just a straight continuation of production for the dying field. For the parameters of Table 1 , one has a net worth of continuing to produce the known reserves of $25M (gains of $30MM minus costs of $5MM). Thus the aim of the exercise is to see to what extent the various scenarios for the rejuvenation treatment anticipated will exceed this "magic" value that represents proven cash flow. The four components of Figure 2 show the relative chances of obtaining a recompletion worth for four different values of the kill probability as the success probability ranges over a wide range from 0.1 to 0.9. The way to read the figure panels is to note that the cumulative probability indicates the chances of obtaining less than a particular rejuvenation gain. Thus on panel (i) of Figure 2 one can read that there is an 80% chance of obtaining less than $100MM for the case of a success probability of 0.1 and, equally, that there is only a 10% chance that one will have a rejuvenation worth of less than about $70MM, with a 50% chance of obtaining an amount of about $90MM or less. Probability rejuvenation is successful = 0.1 (fraction less than unity) Probability rejuvenation kills production = 0.7 (fraction less than unity)
Table 2. Parameters for Variation with Estimated Gains
In short, the curves of each of the four panels provide an indication of the risk of obtaining a rejuvenation gain for different kill and success probabilities. The result is that in all cases there is a very high probability that the gains from recompletion will exceed the proven gains from the ongoing production (which amounts after costs to just $25MM), so one can read across each panel of each subfigure to determine the corresponding cumulative probability of obtaining a rejuvenation gain value in excess of the $25MM in precisely the way as indicated above. The point is that the total costs associated with the recompletion are only $19MM, so that even if these costs are subtracted from the rejuvenation gains exhibited, as indeed they should be, the residual amount to be won, allowing for the uncertainty of the outcomes. far outweighs the maximum of $25MM that could be obtained by continuing ongoing production at the known rate, all other parameters being held fixed as exhibited in Table 1 . The reason is that, in general, attempting a rejuvenation treatment does not unequivocally kill the ongoing production so that, when combined through the decision-tree of Figure 1 , the combined production gains exceed by far not undertaking the attempted rejuvenation. It is this fact that the four panels of Figure 2 speak to most directly.
b. Rejuvenation Value and Residual Value Considerations
The situation considered here, and for parameter values shown in Table 2 , allows both the probability of a successful rejuvenation, as well as the anticipated oil thought to be available if the rejuvenation attempt is made, both to vary for a fixed value of the probability of killing the ongoing production (we use p (kill)=0.2 in the example). The idea here is to illustrate that if the available success probability is too small then, even if the rejuvenation treatment has a large gain, there would be little point in undertaking the rejuvenation attempt. One must wait until the known production is close to exhaustion, relative to the amount one estimates could obtain from the rejuvenation, to make it worthwhile attempting to breathe new life into a dying field. In this way one can maximise the total profit for the corporation.
The panels of Figure 3 show this aspect in terms of the cumulative probability of obtaining rejuvenation gains at given amounts or less (just as for the four panels of the case histories exhibited in Figure 2 ) with estimated total rejuvenation reserves set at values of $100MM, $75MM, and $50 MM respectively for various estimates of success probability. What is clear from the panels is that as the estimated rejuvenation reserves decrease (so that estimated rejuvenation reserves are closer and closer to proven production reserves -in this case worth a net of $25MM), then there is less and less to be gained by undertaking the rejuvenation because one is likely to lose proven worth for a comparable but unproven rejuvenation worth. Only when the rejuvenation worth is high compared to the proven production worth does the risk of undertaking rejuvenation of the field make sense-and this aspect can be seen very clearly in the panels of Figure 3 . in particular at an estimated worth of $100MM for rejuvenation relative to $25MM for ongoing production.
This extreme portrayal of the worth values provides a sharply focused illustration of the need to be cautious when rejuvenation estimates are not too large compared to proven residual field worth because the unknown kill and success probabilities can exert a strong influence on the likelihood of obtaining increased positive worth.
c. Parameter Uncertainties and Dominance of Contributions to Risk
Because the various parameters entering the rejuvenation estimates are merely estimates of what could happen, it is crucial to obtain some idea of the sensitivity of any results obtained to variations in the unknown parameters. The main uncertainties arise from the estimates of anticipated gains from a rejuvenation treatment, the likelihood the rejuvenation will be successful, and the likely chance the rejuvenation Figure 4 . Five cases, with assumptions also exhibited, for stochastic evaluation of the worth of undertaking a rejuvenation treatment. Each case shows the resulting behaviour when each of the three parameters (success probability, kill probability, and estimated rejuvenation gains) can vary in specific ranges.
The panels indicate the changes in the sensitivity of results as the dynamic range is changed and/ or the centring position of each dynamic range is varied.
This case is the third example of the text.
will kill the residual field production, which, while not much compared to the rejuvenation estimates, is relatively certain compared to the risk attached to the unknown success chance and kill probability that attend a rejuvenation treatment.
To address this question we have allowed ranges of the kill probability, the rejuvenation success probability, and the amount estimated to be recoverable from the rejuvenation, all to vary over the ranges of the previous two deterministic examples. In addition, as we have noted elsewhere in this series of papers, one must also choose the distribution type from which to extract the individual parameter values as one proceeds through a suite of Monte Carlo calculations. In principle, one should investigate the sensitivity of any results obtained to different choices of distributions in order to ensure the statistical stability of results. This point has been addressed in an earlier paper in the series (Lerche and Noeth, 2001a ) and the reader is referred there for further details. In order to keep the examples relatively clean and simple we have not evaluated such distribution choice variations here, although in more realistic situations one must surely do so to ensure one has indeed not overlooked a major cause of uncertainty.
In the examples of this section concern is on the sensitivity of estimates to uncertainty in the parameter estimates. To illustrate the problem, in the first instance we let the estimated rejuvenation gains vary between $30MM and $110MM with a most likely value of $75MM, and with the underlying distribution (from which one draws values at random to use in the Crystal Ball Monte Carlo calculations) taken to be triangularly shaped. The success probability for the rejuvenation we take to be uniformly distributed between 0.1 and 0.9, a fairly broad range, and the probability of killing the ongoing production with the rejuvenation we take to be also uniformly distributed but to lie between 0.2 to 0.6.
Sensitivity of an outcome can be represented in many forms as we have illustrated in previous papers in this series. To keep the illustration sharply focused we consider only the relative contributions of the three parameters (in the ranges given above) to the uncertainty produced in the 50% cumulative probability of obtaining rejuvenation gains, although any other value of cumulative probability would serve equally well to illustrate the points to be made. We consider five examples of what happens as parameter ranges are varied. First we allow a fairly broad range of possibilities for the success probability, as shown in Figure 4a under the "Assumptions" heading; the corresponding sensitivity of the 50% cumulative probability of obtaining rejuvenation profits is depicted in the same panel of figure 4a . To be noted is that, while there is sensitivity to all components of the uncertainty (kill probability, success probability and estimated rejuvenation gains), it is the broad range of uncertainty taken for the success probability that dominates the uncertainty on the cumulative probability, contributing 85% to the total uncertainty.
Narrowing the range of uncertainty of the success probability to 0.5-0.9 from 0.10.9 also causes less contribution of the success probability in controlling the uncertainty on the cumulative probability of obtaining rejuvenation gains, as depicted in figure 4b . The point here is that it is not only the range of a variable that causes uncertainty but the size of the uncertainty is dependent on where that range lies relative to all ranges of all other influencing variables. Notice that the dominance of the estimated rejuvenation gains is now paramount and, at just about 60.5%, is significantly increased from the 14.4% uncertainty it contributed in the first example of this section.
Indeed, if the range of uncertainty of the success probability is narrowed even further to lie between 0.5-0.7, then the uncertainty on the 50% cumulative probability value is now 75% due to the uncertainty on the estimated rejuvenation gains, just under 15% of the uncertainty is due to uncertainty on the success probability, and kill probability picks up the remaining 10%, as depicted in figure 4c . Thus what is clear is that with the ranges of uncertainty given, if one wishes to improve the accuracy of the cumulative probability values then, with a cumulative probability of 50% as a marker of trust. one really needs to work on narrowing down as much as possible the estimated range of rejuvenation gains because, until that range is exceedingly narrow, it will continue to dominate the uncertainty-for the ranges given for kill probability and success probability.
Next the dynamic placement of the success probability is changed, but the range is kept the same as in the previous example. Thus a range of 0.2 centred at 0.6 was used previously, if this centring is shifted to 0.8 but with an identical range around 0.8 of 0.2, then the resulting sensitivity curve, shown in Figure 4d , indicates that the dependence of the success probability is now not a significant issue at all (at just around 8% of the total uncertainty), rather the anticipated rejuvenation gains take over almost absolutely the main uncertainty contribution (at 86% of the uncertainty). Thus it is not enough to identify the range of uncertainty of each parameter alone, one must also be fairly accurate in identifying the central domain of the range.
Finally in this suite of illustration, note from figure 4e that when the range of uncertainty of the estimated gains to be had from the rejuvenation is narrowed to lie between $60MM and $90MM, with a most likely value at $75MM, then the sensitivity of the 50% cumulative value is changed completely. Now the success probability only just dominates the uncertainty (at just over 43%), closely followed by the estimated rejuvenation gains (contributing 39.5%) and the kill probability uncertainty picks up the remaining 17%. Thus under these conditions, if one wished to improve further the uncertainty on the 50% cumulative probability value, then roughly equal attention should be given to narrowing the range of uncertainty of the estimated gains and the probability that the rejuvenation would be successful, while a much lesser effort should be placed on narrowing the range of uncertainty of the kill probability.
The corollary is that one could spend an inordinate amount of time, effort and money in trying to improve the incorrect variable unless one is cognisant of the sensitivity to each variable and also to its central value within a prescribed range. And this has been the main point of the examples given in this section of the paper.
IV. DISCUSSION AND CONCLUSIONS
By far the most interesting situation in terms of deliverability of product is the rejuvenation treatment of already producing fields, where one is effectively discussing the question of the chance of killing proven production in favour of uncertain attempts to rejuvenate the field but with uncertainty of new production. What we have attempted to show in this paper is that such considerations can be handled very effectively with a variation of the quantitative tools developed in previous papers in this series for sidetrack and recompletion problems.
There is basically the same sort of concern: the attempt to assess the worth of going ahead with a project (rejuvenation) when there is uncertainty on its success and also its worth in relation to known values for the depleted, but still producing, elements of the field. While we have not covered all possible aspects of such problems, nevertheless the simple illustrations given show that it is not a difficult matter to do so, and that one can indeed provide the decision-makers with a firm and convincing rationale for deciding to either abandon or rejuvenate. These points are the central ones we wished to make and, while other examples could be given, in our opinion they would merely add more technical 'frills" without really providing much more insight than is already given with the simple illustrations.
